Data are available through <http://dx.doi.org/10.6084/m9.figshare.1425420>.

Introduction {#sec005}
============

Depression has a high prevalence in the United States \[[@pone.0130304.ref001]\] and Europe \[[@pone.0130304.ref002]\] and negatively impacts work and academic performance \[[@pone.0130304.ref003],[@pone.0130304.ref004]\]. This mood disorder is especially associated with difficulties in concentration \[[@pone.0130304.ref005]\], complex problem solving \[[@pone.0130304.ref005],[@pone.0130304.ref006]\], and impaired work strategies \[[@pone.0130304.ref005]\]. Depression is generally known to negatively affect health \[[@pone.0130304.ref007],[@pone.0130304.ref008]\], personal relationships \[[@pone.0130304.ref009]\], and productivity \[[@pone.0130304.ref010]\]. In the student population, depression is associated with lower educational performance \[[@pone.0130304.ref004],[@pone.0130304.ref009],[@pone.0130304.ref011]\] and higher drop-out rates from education \[[@pone.0130304.ref011]\]. Although in many cases depression leads to discontinued work activities, milder depressive symptoms (i.e., dysphoria) often go unnoticed within the working population \[[@pone.0130304.ref012]\]. The question remains to what extent these milder symptoms are associated with impaired work performance.

Second only to the depressed mood itself, tiredness, low energy, and listlessness are the most common symptoms to be associated with depression \[[@pone.0130304.ref013],[@pone.0130304.ref014]\]. De Lecea, Carter and Adamantidis \[[@pone.0130304.ref015]\] have suggested that changes in arousal states and thresholds are at the core of most neuropsychiatric disorders, including depression which is correlated to structural hypo-arousal. Chaudhuri and Behan \[[@pone.0130304.ref016]\] describe that fatigue and cognitive disengagement in depression often result from a loss of interest and motivation. These authors also argue that even with usual levels of motivation, motor control, and sensory input, premature fatigue may arise because of unpleasant ambient conditions, dysautonomia, and underlying endocrine disturbances. Based on these findings, the question arises whether individuals with mild depressive symptoms (i.e. dysphoria) diverge from their non-depressive counterparts in their susceptibility to the effects of mental fatigue (i.e. earlier onset, more severe effects on performance). In this study, we will specifically address this question by comparing both groups while they are working on a cognitive task for an extended period of time.

Mental fatigue can occur as a chronic symptom of mental or physical disorders, but can also arise as an adaptive temporary condition resulting from prolonged cognitive effort (e.g., after a demanding workday). Mental fatigue is characterized by a reluctance for further effort and changes in mood motivation and information processing \[[@pone.0130304.ref017],[@pone.0130304.ref018]\]. As a consequence, fatigued individuals have a tendency to disengage from the task at hand to prevent exhaustion. This disengagement is accompanied by lowered motivation (e.g. reduced effort), compromised cognition (e.g., diminished attention and task focus), and impaired performance \[[@pone.0130304.ref019],[@pone.0130304.ref020]\]. Although these detrimental effects of fatigue have now been clearly established in healthy populations (e.g., students, healthy workers), there is a remarkable lack of studies testing how working on cognitively demanding and fatigue-inducing tasks affects individuals with subclinical depression. Yet, as it is known that individuals with dysphoric mood often also report chronic fatigue \[[@pone.0130304.ref014],[@pone.0130304.ref016],[@pone.0130304.ref021]\], it can be hypothesized that---compared to non-dysphoric individuals---they will be more susceptible to fatigue and disengagement while working on such tasks.

In the present study, we compare students with a dysphoric mood and healthy controls on task performance and subjective indices of mental fatigue. Moreover, we also examine the level of task engagement by measuring pupil dynamics. The diameter of the pupil has for many years been considered an index of psychophysiological arousal or neural gain, and the dilatory response has been linked to the occurrence of task-relevant events. Classic work of Beatty and Kahneman showed that the pupil is sensitive to momentary load and effort during mental tasks \[[@pone.0130304.ref022]--[@pone.0130304.ref024]\]. In recent years, this notion has evolved by specifically relating pupil diameter to task engagement and disengagement, based on cost-reward tradeoffs \[[@pone.0130304.ref025],[@pone.0130304.ref026]\]. After working on a demanding task for a prolonged period of time, increasing levels of effort are required to maintain task focus. At some point, the effort no longer aligns with the potential benefits of engaging in the task. It has been argued and shown that the disengagement that results from this unfavorable tradeoff is reflected in decreased baseline pupil diameter and stimulus-evoked dilations toward task-relevant stimuli \[[@pone.0130304.ref027]\]. Based on the established association between dysphoric mood and heightened levels of chronic mental fatigue, we hypothesize that dysphoric individuals have lower average task engagement and display premature onset of mental fatigue effects on task engagement compared to healthy controls. More specifically,

Hypothesis 1: Individuals with dysphoric thoughts display higher average subjective fatigue and lower average subjective task engagement, baseline pupil diameter, stimulus-evoked pupil dilations and task performance compared to control individuals without dysphoric thoughts.

Hypothesis 2: Individuals with dysphoric thoughts display premature fatigue onset and effects reflected in earlier onset of increasing subjective fatigue and decreasing subjective task engagement, baseline pupil diameter, stimulus-evoked pupil dilations, and task performance compared to control individuals without dysphoric thoughts.

Method {#sec006}
======

Participants {#sec007}
------------

Sixty-one dysphoric psychology students were compared to a control group of 21 non-dysphoric psychology students. The sample group for this study was part of a larger intervention study at a psychology institute of the university. Therefore, we were unable to perfectly balance the sample size of each of the groups. Although there is a noticeable difference in group size, modern analysis software use techniques that are generally robust to such an inequality of groups. The inclusion criterion was a Beck Depression Inventory--II (BDI-II) \[[@pone.0130304.ref028]\] score of minimally 10 for the dysphoric group and of maximally 5 for healthy group. We confirmed the statistically significant difference between the groups using an exact Mann-Whitney test for non-normally distributed data (U = 1239, z = 6.79, p \< .01, r = .76, with a mean rank equal to 11 for the healthy control group and 51 for the dysphoric group). The mean BDI-II score of the dysphoric group was 20.2 (SD = 7.6, range: 10--46), which indicates an average depression \[[@pone.0130304.ref028]\] and 0.7 (SD = 1.1, range: 0--3) for the healthy group. The cut-off scores used for the selection are based on other studies comparing dysphoric and healthy students \[[@pone.0130304.ref029],[@pone.0130304.ref030]\]. Information about age, gender, use of medication and medication and therapy history of both groups is reported in [Table 1](#pone.0130304.t001){ref-type="table"}. All participants were well-rested and in good health as measured by self-reports. The participants reported to have slept seven or more hours and were asked to withhold the intake of caffeine and alcohol during the 24 hours before the experiment. All participants had normal or corrected to normal vision.

10.1371/journal.pone.0130304.t001

###### Demographic Variables.

![](pone.0130304.t001){#pone.0130304.t001g}

                                             Dysphoric group   Healthy control group
  ------------------------------------------ ----------------- -----------------------
  Gender (% men)                             23.7              23.8
  Age (*M*, *SD*)                            20.8 (3.6)        21.4 (4.7)
  \% Current therapy                         13.6              0.00
  \% History of therapy                      35.6              0.00
  \% Use of medication for psychopathology   5.1               0.00

Stimuli and data acquisition {#sec008}
----------------------------

Participants were seated in a dimly lit, and sound attenuated room facing an eye-tracking screen at a distance of approximately 65 cm. During the whole experiment, pupil diameter was measured continuously. The participants performed a visual letter 2-back task. The n-back task has been used successfully in previous experiments to induce fatigue \[[@pone.0130304.ref027],[@pone.0130304.ref031]\]. It is a cognitively demanding task that requires the sustained engagement of working memory and attention in order to uphold adequate levels of performance \[[@pone.0130304.ref032]\].

Procedure {#sec009}
---------

The study was approved by the Medical Ethical Committee of the Erasmus University Rotterdam and registered at ClinicalTrials.gov (ID: NCT02184481). Students subscribed for the study through the psychology website and received credits for participation. All participants provided written informed consent to participate in the study. Participants practiced on the task until they reached a minimum of 70% accuracy. The experimental task lasted one hour and was divided into six time-on-task blocks. Each block consisted of 83 trails of the 2-back task and lasted for about 10 minutes (depending on random intervals). The n-back stimuli were displayed for 500ms with an inter-stimulus interval randomized at 5 to 5,5 seconds. The length of this interval was long enough to ensure that the pupil diameter returned to baseline levels \[[@pone.0130304.ref023],[@pone.0130304.ref033]\].

Measures and data processing {#sec010}
----------------------------

### Subjective Measures {#sec011}

To measure time-on-task effects, the participants were asked "how tired do you feel?" after the practice trials and each time-on-task block during the experiment. They had to reply by moving a slider from 0 to 100, with increments of five. The slider had no anchors, but the extreme ends were labeled with "not at all" and "very much". After answering this question we also asked "How engaged are you in the task?" before the task continued. Because these questions about subjective task engagement and fatigue were measured multiple times during the experiment, we could monitor the temporal progression with time-on-task. The participants had only limited time to answer the questions (i.e., ten seconds) to prevent them from resting between blocks.

### Depression {#sec012}

We used the BDI-II \[[@pone.0130304.ref028]\] (Dutch version: \[[@pone.0130304.ref034]\]) to measure participants' severity of depression symptoms. This self-report questionnaire contains 21 groups of statements about depression symptoms experienced the last two weeks. Adding up the scores of the questions, which range from 0 to 3, results in the total score. The reliability of this widely used questionnaire is good \[[@pone.0130304.ref035]\], with a Cronbach's *α* of .94 in the present study.

### Performance {#sec013}

The most relevant behavioral measure of performance on the n-back task is accuracy. We operationalized accuracy by calculating the d-prime for each time on task interval. As described by signal detection theory, the d-prime was calculated as an indication of accuracy \[[@pone.0130304.ref036]\]. While accuracy was the most important focus for the participant during the task, we wanted to make sure accuracy effects were not clouded by accuracy/speed tradeoffs. Therefore, we also examined reaction times (RTs).

### Physiological measures {#sec014}

Pupil diameter was recorded continuously during the entire length of the experimental task with a Tobii Eyetracker 2150 with a sample rate of 50 Hz. The recordings were exported to Brain Vision Analyzer (Brain Products, Gilching, Germany). Artifacts and blinks were detected by the eye-tracker and removed by using a linear interpolation algorithm. To measure baseline pupil diameter, we averaged the pupil diameter in the 500ms before stimulus onset. During this period, the participants saw a fixation cross with the same luminosity as the letters, so there was no interference from eye reflexes to the environmental lightning. To analyze stimulus-evoked pupil dilation we performed a baseline correction for the 200ms before the stimulus onset. Then, we measured the positive peak within the first 1500ms after the onset of the stimulus. Trials in which performance errors occurred were excluded. The mean baseline pupil diameter and pupil dilation peak for each time-on-task interval were then exported to SPSS for further analysis.

Statistical Analysis {#sec015}
--------------------

The subjective, performance and pupil data were statistically analyzed using repeated measures ANOVA. Main and interaction effects of time-on-task and group (i.e. Dysphoric vs. Control) were tested over the six time-on-task blocks. To make sure that the effect of medication use did not influence the results and conclusions of the study, we did a parallel analysis that excluded the three participants that used medication. However, these parallel analyses showed that exclusion of these participants did not change the results in any meaningful way. Therefore, we only report the findings of the analyses that included these participants in the results section below.

Results {#sec016}
=======

Subjective measures {#sec017}
-------------------

We analyzed the time-on-task effects for subjective fatigue and engagement during the experiment and found that fatigue significantly increased (*F*\[6,384\] = 109.4, *p* \< .01, η~p~ ^2^ = .63) and engagement significantly decreased (*F*\[6,384\] = 10.8, *p* \< .01, η~p~ ^2^ = .15) with increasing time-on-task. In contrast to our hypotheses, we did not find a significant group (dysphoric vs control; *F*\[1,64\] = 1.3, *p =* .25, η~p~ ^2^ = .02) and time-on-task x group interaction (*F*\[6,384\] = 1.4, *p* = .24, η~p~ ^2^ = .02) effect for engagement. We did however, find small group (*F*\[1,64\] = 4.1, *p* \< .05, η~p~ ^2^ = .06) and interaction effect (*F*\[6,384\] = 3.1, *p* \< .05, η~p~ ^2^ = .05) for subjective fatigue. [Fig 1](#pone.0130304.g001){ref-type="fig"} shows that the dysphoric group scored higher on subjective fatigue---than the healthy control group---at the start of the experiment, but afterwards both groups scored similar. As can been seen in [Table 2](#pone.0130304.t002){ref-type="table"}, which contains the means and standard deviations of all the observed measures during the experiment, the difference between the groups is especially large at the start of the experiment (dysphoric: M = .39, SD = .21; control: M = .18, SD = .20) which may explain these significant results. A follow up t-test, comparing the two groups, showed a significant difference in subjective fatigue during the first block of the experiment (t(64) = -2.89, *p* \< .01), but not during the following blocks.

![Interaction effect of time-on-task and group (dysphoric versus control) on subjective fatigue.](pone.0130304.g001){#pone.0130304.g001}

10.1371/journal.pone.0130304.t002

###### Means and standard deviations of the observed variables.

![](pone.0130304.t002){#pone.0130304.t002g}

                               pre-training   block 1     block 2       block 3       block 4       block 5       block 6                                                                                           
  ---------------------------- -------------- ----------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- -------------
  Subjective fatigue           .39 (.21)      .18 (.20)   .50 (.25)     .30 (.21)     .59 (.24)     .46 (.25)     .68 (.23)     .58 (.28)     .72 (.24)     .67 (.27)     .76 (.23)     .70 (.29)     .81 (.19)     .71 (.32)
  Subjective task engagement   .48 (.24)      .43 (.27)   .53 (.27)     .58 (.26)     .48 (.25)     .58 (.28)     .42 (.25)     .51 (.32)     .38 (.25)     .48 (.35)     .33 (.26)     .43 (.34)     .27 (.24)     .39 (.35)
  d-prime                      \-             \-          1.80 (1.21)   1.79 (1.23)   2.05 (1.08)   1.85 (1.80)   2.12 (1.00)   1.94 (1.77)   2.20 (1.17)   1.75 (1.54)   2.12 (1.14)   1.72 (1.85)   1.78 (1.21)   1.53 (1.75)
  RT (ms)                      \-             \-          1156 (353)    1039 (281)    1117 (354)    1003 (285)    1085 (324)    970 (294)     1072 (305)    996 (295)     1082 (331)    959 (277)     1035 (247)    978 (275)
  Pupil diameter (mm)          \-             \-          5.19 (.86)    4.79 (.56)    5.06 (.80)    4.67 (.63)    4.97 (.75)    4.69 (.67)    4.93 (.78)    4.73 (.63)    4.94 (.80)    4.69 (.63)    4.94 (.77)    4.73 (.65)
  Pupil dilation (mm)          \-             \-          .13 (.08)     .14 (.10)     .12 (.07)     .13 (.10)     .12 (.08)     .12 (.10)     .11 (.07)     .10 (.09)     .11 (.08)     .10 (.08)     .08 (.06)     .08 (.07)

Note: D = dyspohoric group, C = healthy control group.

Behavioral measures {#sec018}
-------------------

Analyzing the task performance data from block 1 through 6, we did not find a significant effect of time-on-task (*F*\[5,320\] = 1.9, *p* = .13, η~p~ ^2^ = .03). Looking at the mean performance at each block it became apparent that performance was relatively stable in the first part of the experiment and started to decline after the third block. The observation that task performance is stable or sometimes even increases during the start of the experiment is commonly found. This can be seen as a learning effect that can mask the effects of the onset of fatigue \[[@pone.0130304.ref037]--[@pone.0130304.ref039]\]. During the first two blocks of the experiment there was no change in d-prime (*F*\[1,6\] = 1.0, *p* = .31, η~p~ ^2^ = .02). However, from block three through six, d-prime significantly decreases (*F*\[3,192\] = 3.7, *p* = .01, η~p~ ^2^ = .06). RTs do not change significantly during the time of the experiment (*F*\[5,320\] = 2.4, *p* = .07, η~p~ ^2^ = .04) indicating there is no trade-off between speed and accuracy. While we found a main effect for time-on-task, we did not find a significant group effect (block 1 and 2: F\[1,64\] = 0.1, p = .74, ηp^2^ \< .01; block 3 through 6: F\[1,64\] = 0.9, p = .36,ηp^2^ = .01) or time-on-task x group interaction effect for d-prime (block 1 and 2: F\[1,64\] = 0.4, p = .53, ηp^2^ = .01; block 3 through 6: F\[3,192\] = 0.5, p = .61,ηp^2^ = .01). We also did not find a significant group (F\[1,64\] = 1.5, p = .22,ηp^2^ = .02) and interaction (F\[5,320\] = 0.4, p = .77,ηp^2^ \< .01) effect on RTs. These findings are not in line with our hypothesized differences between the dysphoric and control groups.

Physiological measures {#sec019}
----------------------

In line with previous studies, we found a decrease in both baseline pupil diameter (F\[5,250\] = 4.7, p \< .01, ηp^2^ = .09) and peak pupil dilation (F\[5,250\] = 6.9, p \< .01, ηp^2^ = .12) with increasing time-on-task. However, in contrast to our hypothesis and in line with most of the previously described analyses of this study, we did not find any significant group (baseline pupil diameter: F\[1,64\] = 1.7, p = .19, ηp^2^ = .03; Peak pupil dilation: F\[1,64\] \< 0.01, p = .93, ηp^2^ \< .01) or time-on-task x group interaction effects (baseline pupil diameter: F\[5,250\] = 2.2, p = .09, ηp^2^ = .04; Peak pupil dilation: F\[5,250\] = 0.6, p = .70, ηp^2^ = .01).

Discussion {#sec020}
==========

The present study examined whether individuals with dysphoric mood have higher average, and earlier onset of, negative effects of fatigue on task engagement and sustained performance during a cognitively demanding task. In line with previous findings of Hopstaken et al. \[[@pone.0130304.ref027]\], we found that subjective, performance, and psychophysiological measures of task engagement changed with increasing time-on-task. While we found that the dysphoric group reported relatively higher subjective fatigue than the healthy control group at the start of the experiment, we did not find any other divergent fatigue effects during the experimental task. This absence of divergent patterns contradicts our hypotheses, which we based on earlier work that showed that dysphoric mood is often associated with difficulties in concentration \[[@pone.0130304.ref005]\], complex problem solving \[[@pone.0130304.ref005],[@pone.0130304.ref006]\], and impaired work strategies \[[@pone.0130304.ref005]\]. Therefore, it seems that a dysphoric mood does not necessarily increase the risk of more severe, or earlier, fatigue related decrements in engagement and performance on a cognitive task.

There are several explanations for the absence of divergent fatigue effects in dysphoric versus non-dysphoric students. One explanation is that dysphoria does not have such a profound impact on available cognitive resources, like attention, as initially thought. Although, some studies have suggested that the rumination that is associated with mood disorders uses cognitive resources that may diminish performance \[[@pone.0130304.ref040]\], others have observed that rumination often becomes a more automated bottom up process that has a relatively small load on cognitive resources \[[@pone.0130304.ref041],[@pone.0130304.ref042]\]. In as far as the conclusions from the later studies are correct, it could be an explanation for why dysphoria does not have an additional detrimental effect on performance during mental fatigue. To follow up on this explanation, it could be interesting to see whether increasing or decreasing the cognitive load of the task (e.g., also include the 1-back and 3-back task) yields different results. Although previous studies have shown that specifically the 2-back task captures the cognitive effects of fatigue very well \[[@pone.0130304.ref027]\], it could be that dysphoria influences fatigue only in very low or very high cognitive load conditions. Another explanation for the absence of divergent fatigue effects may be found in sample we used. First of all, our groups consisted mainly of relatively young academic students. While evidence for an age-related explanation of dysphoria remains limited, there are studies suggesting that performance decrements are mainly visible in the elderly population \[[@pone.0130304.ref043]\]. Yet, there are other studies reporting the exact opposite \[[@pone.0130304.ref044]\].

Also with regard to the present sample, it must be noted that participants were dysphoric students, which indicates that they had a relatively low level of depression. Because few researchers have compared dysphoria and more severe depression directly, it is still an open question whether results obtained with dysphoric samples generalize to clinically depressed participants \[[@pone.0130304.ref001]\]. The use of a dysphoric, instead of a depression group, could also be seen as a strong feature of our study. The dysphoric group we used is much more likely to be part of the student or working population, while individuals with episodes of a depressive disorder are more likely to discontinue their study or work activities. Therefore, the impact of fatigue-related decrements in performance could potentially in practice have a much larger impact within the dysphoric population. Based on the results from our study however, we conclude that dysphoric mood is not necessarily an increased risk factor for impaired sustained performance on cognitive tasks that may induce mental fatigue.
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